The influence of interparticle interaction on the magnetization reversal of the oriented Stoner-Wohlfarth nanoparticles ensemble had been considered in a mean field approximation. Namely, we solve a kinetic equation for the relaxation of the overall ensemble magnetization to its equilibrium value in some effective field. Latter field is comprised of external magnetic field and interaction mean field proportional to the instantaneous value of above magnetization. We show that the interparticle interaction influences the temperature dependence of a coercive field. This influence manifests itself in the noticeable coercivity at T > T b (T b is so-called blocking temperature, separating the equilibrium at T > T b and nonequilibrium at T < T b magnetization regions). Also, the above interparticle interaction can lead to a formation of the "superferromagnetic" state with correlated directions of particle magnetic moments at T > T b . If the overall magnetization has a component, which is directed along the easy axis of each particle, the latter state possesses coercivity. We have shown that the coercive field value in the "superferromagnetic" state does not depend on measuring time scale. This scale influences both T b and the temperature dependence of a coercive field at T < T b . We corroborate the results of our theoretical considerations by measurements on nanogranular films (CoFeB) x -(SiO 2 ) 1−x with concentration of ferromagnetic particles close, but below percolation threshold.
Introduction
Although many experimental and theoretical papers have been devoted to understanding the magnetization reversal processes in the ensembles of singledomain nanoparticles, the problem is still far from its complete understanding since the interparticle interaction in such systems depends both on interparticle distance and on their magnetic moments mutual orientations. Latter fact implies the significant variance of moduli and directions of the effective fields of interparticle interaction. Although the above interaction is most frequently of the dipole nature, there are cases where it has an exchange origin.
The consideration of interparticle interaction is important from both theoretical [1, 2] and practical [3, 4] points of view, as nanogranular ferromagnetic films are promising to use in the modern electronics. In particular, the granulated composites of ferromagnetic metal -dielectric matrix type with concentration of the ferromagnetic granules below percolation threshold can be used as a material for high-frequency microcores [5] due to their high resistivity and magnetization switching rate. Giant manetoresistance [6] has also been observed in the above materials making them usable in magnetoresistive sensors. Close to percolation threshold the intergranular interaction in such materials reveals the isotropic positive magnetoresistance [7] , deviation from Langevin magnetization [4] and the peculiarities in high-frequency magnetic susceptibility [8] . It has been shown earlier in the papers [9, 10] that in some cases the interparticle interaction can be accounted for in a mean field approximation (MFA), where the effective field of intergranular (dipole-dipole) interaction is proportional to the average magnetization of ensemble. Such approach neglects the shortrange inhomogeneity of the effective field of intergranular interaction, leaving only its long-range component identical for all particles.
In the present paper we consider the influence of intergranular interactions on magnetization reversal processes in the ensemble of oriented (easy axes of particles point along external magnetic field direction) Stoner-Wohlfarth (SW) [11] particles in a mean field approximation. The theoretical description is carried out for the ferromagnetic type of interparticle interaction and consists in solution of kinetic equation for average magnetization of ensemble, which had been considered earlier for the ensemble of noninteracting particles [12] .
It is well-known that the ensemble of SW-particles reveals superparamagnetic properties. Above blocking temperature T b , which depends on the time of observation, the system is magnetised in the equilibrium manner, while at lower temperatures T < T b the magnetization of superparamagnetic ensemble is essentially nonequilibrium, demonstrating hysteresis and residual magnetization. It is also well-known, that the ferromagnetic interaction between above particles leads to their magnetic ordering at certain temperature T ord . Below we show, that the interaction influences temperature dependence of a coercive field. This influence is different at temperatures below and above T b . Namely, below T b the temperature dependence of a coercive field is similar to that from the Neel-Brown relation [13] . The interaction leads to additional increase of a coercive field at T < T ord . But if T ord > T b then at the temperature range T b < T < T ord the interaction yields the essential coercivity which is almost independent of measuring time (the time of a field scanning in magnetostatic measurements). We will show, that the specified effect is revealed in magnetostatic measurements in granular magnetic films of (CoFeB) x -(SiO 2 ) 1−x type.
Model
Let us consider an ensemble of interacting SW-particles with their easy axes pointing along the direction of an external magnetic field. The energy density for one particle in this case is:
Here K is a uniaxial magnetic anisotropy constant, m p is a saturation magnetization of a single particle (it is the same for each particle), θ is the angle between a particle magnetization vector and a direction of external magnetic field H, λ is a parameter of interaction of a given particle with the rest of their ensemble and m is an average magnetization per each ensemble particle. The latter quantity equals to the overall ensemble magnetization devided on the relative volume occupied by ferromagnetic particles in a sample. Below we will use the dimensionless magnetization M = m/m p . This value will be the same both for the ensemble and for each single particle.
Let us pay attention that the potential energy profile (1) has the form of double-well potential. According to the Neel model [13] we can describe this system in the temperature range typical for the magnetostatic measurements (0 < T < 3T b ) as a system with two possible orientations of particles magnetic moments. For the case of the magnetic field oriented along easy magnetization axes of the particles, above supposition implies that the double well potential can be successfully substituted by its two lowest lying energy levels so that our system with double-well potential can be described as a two-level system.
The latter fact means that the thermal excitations are thermally activated hops (magnetic moment reorientations) over energy barrier.
In this case, the magnetization dynamics is of purely relaxational type. This means that in our problem the time dependence of the magnetization M at fixed temperature T and magnetic field H can actually be described by Blochlike equation for z-component of magnetization only, as it had been considered earlier [12] . If the interaction term λm is absent in (1), the equation for magnetization dynamics has the form:
where M ∞ ≡ M(t → ∞) is the equilibrium magnetization at fixed H and T and τ is the relaxation time, which for our two-lewel system approxination has the from τ −1 = W 12 + W 21 , where W ij (j = 1, 2) are transition probabilities between levels i and j in the double-well potential (1) . According to approach [12, 13, 14] for SW particles, the final form of τ reads
Here f 0 is a parameter, laying in the range of 10 8 − 10 12 s −1 for typical magnetic particles and E 1 , E 2 , E b are, respectively, the energies of minima of U(θ) and a barrier between them, k is Boltzmann constant. The quantities E 1 , E 2 , E b depend on K, λ and M(t). They are the functions of time by virtue of M(t) dependence. The expressions (2) and (3) correspond to the approach, where the above fictitious particle (corresponding to magnetization) is localized exactly in certain minimum of U(θ) rather then "smeared" by temperature in a wide interval of angles θ within the entire well of the potential (1). For magnetization switching of SW-particles with a magnetic field sweeping times, characteristic for the real magnetostatic measurements, this approach is well satisfied in the temperature range T < (4 ÷ 6)T b , i.e. in the entire temperature domain. Thus magnetization reversal occurs by thermoactivation overbarrier hopping. In a mean field approximation, the equilibrium magnetization for such two-level system is determined by usual equation
Here we introduce following dimensionless parameters: the (dimensionless) magnetic field, h = H·m p /(2K), the temperature T red = kT /(K·V p ) (V p is SWparticle volume) and the dimensionless parameter of interparticle interaction
We also introduce the dimensionless minima energies and a barrier height dividing E 1 , E 2 and E b by (K · V p ) and the dimensionless time of measurements t reg = f 0 · t exp , where t exp is a real dimensional time.
The introduction of the interaction term λ · m in the (1) modifies the picture of relaxation and thus Bloch-like equation (2) . Namely, under magnetization reversal this interaction term becomes time dependent as it comprises the magnetization m(t). This means that the overall magnetization relaxes not to the above real equilibrium magnetization M ∞ = M ∞ (H, T ), but to certain so far unknown self-consistent equilibrium magnetization value, dictated by the effective magnetic field H + λm(t) in each time point. We denote this new hypothetical equilibrium magnetization as m * ∞ (t), and its normalised value as
so that in this case the kinetic equation for magnetization assumes the form
where M * ∞ (t) is determined by the equation
The equation (5) with respect to (6) will be solved numerically. To model the hysteresis loops, we consider, similar to [12] , the linear field sweep h(t) = (t/t reg ) − 1 as it realized in real experiments. We define the measuring time as time of the field sweep from saturation to zero value so that h(t = 0) = −1 and h(t = 2t reg ) = 1.
In the dimensionless variables with above linear magnetic field sweep the equation (5) assumes the form
The last brackets in the right-hand side of (7) define the difference between self-consistent hypothetical equilibrium magnetization (6) and its current value.
Results of modeling
The solution of Eq. (7) shows that the account for the intergranular interaction term λ · m(t) increases the coercivity. Also, the hysteresis loops become "more rectangular" ("harder"). The temperature dependences of the coercive field h c , extracted from the hysteresis loops calculated with the help of Eq. (7), are shown on that the interaction increases the coercive field. Besides that, at 2λ red > T * b
the dependence h c (T red ) has two linear in √ T red parts.
The low-temperature part is similar to Neel-Brown law:
where T * b is a certain dimensionless effective blocking temperature, determined by extrapolation of the low-temperature part of dependence h c ( √ T red ) up to its intersection with abscissa axis. The T * b determined by such method depends on λ red .
The high-temperature part lies at T red > T * b . The origin of high-temperature part of h c ( √ T red ) is related to the interaction and is a consequence of formation of the state with correlated directions of granules magnetic moments realized at T red < T ord = 2λ red under the condition 2λ red > T * b .
Strictly speaking, at 2λ red < T * b and close to T red = 2λ red , the dependence h c (T red ) acquires certain deviation in the slope as a function of √ T red as compared to that in Eq. (8) . This deviation, however, cannot be seen in the scale of Fig.1 so we do not plot corresponding curve on Fig.1 .
In the temperature range above blocking temperature, the relaxation time is much less than measuring time so that the appearance of coercivity in this temperature range is not a consequence of slow system response on magnetic field sweep. The coercivity at T * b < T red < T ord is due to emergence of the selfconsistent mean field of interparticle interaction at T < T ord . The direction of latter field is the same as a direction of the above magnetic field. This mean field stabilizes the directions of particles magnetic momenta against the external field in the interval from 0 to |h c | after changing of the field sign in process of its scanning. In the above temperature range T red < T ord the overall magnetization of particles can be well described by Eq. (4). This situation corresponds to the joint action of external field and above self-consistent field on each particle. In this temperature range, the quantity |h c | is determined by stability limits of equation (4) 
Here T ord = 2λ red is the ordering temperature. In other words, this is a temperature where the state with correlated directions of particle magnetizations emerges. If T ord > T * b , the above ordering of particle magnetic moments occur in the temperature interval from T * b to T ord . Namely, this case corresponds to the parameters values, shown on Fig.1 and Fig.2 . The curve h int c (T red ) determined by Eq. (9) has a quite complicated shape, but at temperatures from 0.1T ord to 0.9T ord it is proportional to √ T red . In this temperature interval, the values of h The dependencies h c ( √ T red ) for different measuring time t reg at fixed interaction parameter λ red are presented on Fig.2 . One can see that on lowtemperature part of the curves a coercive field depends on measuring time, owing to dependence on it of parameterT r b * . This is a characteristic feature of systems without interaction and with thermally activated hopping between the states at finite measuring time [12, 14] . On the high-temperature side of the curves the coercive field does not depend on t reg . In this temperature region all curves for different t reg have the same slope of linear in √ T red dependence. Note that for all temperatures T red < T ord hysteresis curves have a "hard" (rectangular) shape. At T red smaller, but close toT r b * and without interaction the hysteresis loops have "softer" or "more canted" shape.
Note, that an independence of a coercive field from measuring time at temperatures higher then blocking temperature is a consequence of quick (during measuring time or sooner) establishing of the equilibrium population in double-well potential of the SW particles in this temperature range. More detailed analysis of our model shows that a faint dependence h c (t reg ) is still present in this temperature range. Additionally, in this temperature range, the magnetization does not have a step at h = h c , which is obtained from solution of Eq.(4) but rather varies continuously, changing its sign during the temperature dependent time τ . In the range T red > T r b * the time τ is much shorter than measuring time. Note also, that our model with interparticle interaction does not imply the coercivity for magnetization along a difficult direction. Thus, for ensemble of interacting SW-particles a temperature dependence of coercive field has the form: where it is fullfilled approximately. 
Experimental
To corroborate the above theoretical approach, we undertake the measurements of magnetostatic characteristics of nano-granular films (Co 0.25 Fe 0.66 B 0.09 ) x -(SiO 2 ) 1−x . The aim was to check the transition of SW particles ensemble from relaxation regime of magnetization reversal to magnetization under conditions of the intergranular "ferromagnetic" ordering (arising due to the interaction), when the coercive field ceases to depend on measuring time. In our measurements, we use the (Co 0.25 Fe 0.66 B 0.09 ) x -(SiO 2 ) 1−x films grown in the Energy Electronics Laboratory, Sojo University, Japan. The average size of amorphous ferromagnetic granules was about 4 nm and their shape was close to the spherical. A strong easy-plane anisotropy related to the demagnetization factor arose for the entire film sample. In the granular films under investigation, the uniaxial anisotropy in a film plane had been formed by special technological measures [6] . This anisotropy was supposedly related to the small deviation of the shape of granules from the spherical one. Thus the easiest (i.e. easy in a film plane) axes of all granules have been oriented almost parallel to each other. Therefore below a percolation threshold such granular system can be considered as an ensemble of easy axis oriented Stoner-Wohlfarth particles.
The sample under investigations has ferromagnetic component content x = 0.55 that is a little below a percolation threshold. For this sample, the experimental data of magnetization in the film plane along easy direction (curve 1) at room temperature are presented on Fig.3 . One can see that the hysteresis loop is "hard" and has almost 100 % remanence. The field dependence of magnetization along a difficult direction in a film plane, (curve 2) has no hysteresis, has jogs in the fields corresponding to the positive and negative intraplane anisotropy fields and is almost linear in magnetic field between jogs. Fig. 4a reports the temperature dependencies of coercive field H c at temperatures from 100 to 470 K at magnetization along easy direction. At temperatures lower than 100 K the temperature dependence of a coercive field in this film demonstrates an anomaly related to magnetoelastic interaction, which we will not discuss in the present paper, having restricted ourselves by temperature region above 100 K only. Dependencies are obtained for different times of a magnetic field sweeping (1min, 4min, 16min, 64min) and plotted asH c ( √ T ). It is seen, that increasing of measuring time leads, as it should be, to decreasing of H c at fixed temperature. It also yields the lowering of the blocking temperature T b determined as an intersection point of an asymptote to the linear low-temperature part of dependence H c ( √ T ) and abscissa axis. It follows from Fig. 4a that the dependences H c ( √ T ) behave like the model dependences from Fig. 2 . To compare them it is necessary to take into account that the range of variation of measuring times, corresponding to the curves on Fig. 2 , has 10 orders of magnitude, while in experimental data from Fig. 4a this variation is only 64 times. To illustrate the similarity between experimental and theoretical curves we present on Fig. 4b a number of theoretical curves with the relation of measurement times, similar to that in experiment. The curves are plotted for t reg (shown on the legend to Fig. 4b ) and λ red = 0.075 where the best resemblance to experiment had been achieved. In both experimental and simulation cases we observe a noticeable value of coercivity practically independent of measuring time above blocking temperature.
The main properties of the presented curves can be formulated as follows. At low temperatures, T << T b (T b is taken for the longest possible measuring time) the dependence of H c on measuring time t exp becomes stronger with temperature increase. At a certain temperature, slightly lower then T b (t exp ) value, a sensitivity of H c to measuring time (t exp ) variation reaches a maximum. And, at last, at T > T b (now T b is taken for the shortest possible measuring time) the H c value ceases to depend on measuring time. At all temperatures a hysteresis loops remain "hard", conserving a rectangular form.
Thus it turns out that the behaviour of experimentally observed H c (T, t exp ) dependence is qualitatively similar to results of our modeling for the case when intergranular interaction generates the state with correlated directions of particles magnetic moments and with a coercive field independent from measuring time. The above results illustrate the case when temperature T c ("dimensional T ord ") of transition to such "superferromagnetic" state [15] exceeds blocking temperature T b . The decreasing of intergranular interaction parameter λ can lead to opposite situation, when T c < T b . In this case the variations of dependence H c ( √ T ) also occur near T c . However, they are too faint to be observed experimentally.
It is possible to predict, that relaxational magnetization of the SW particles ensemble weakens in the case of λ increasing up to values when interaction energy exceeds the anisotropy energy. In this case the ensemble behaves as a uniform ferromagnetic medium with possible occurrence of "superdomains" consisting of many adjacent particles.
Conclusions
To conclude, here we present a mean-field consideration of the magnetization of ensemble of interacting Stoner-Wohlfarth particles. We do that on the base of solution of the kinetic equation for the magnetization, which describes a relaxation of overall ensemble magnetization to its self-consistent equilibrium state in the effective field comprising an external one and the field of interaction. The latter field, in turn, is proportional to instantaneous value of overall magnetization. Numerical solution of the above kinetic equation shows that the interparticle interaction considered in a medial field approximation leads to following effects:
-At certain temperature, T c (T ord in the dimensional units), proportional to interaction parameter λ, the system of the ferromagnetic granules undergoes the intergranular magnetic ordering -"superferromagnetism", yielding the additional coercivity at T < T c . For T c > T b , the essential coercivity arises at temperatures above blocking temperature; -At T < T c a coercive field increases and the process of magnetization reversal becomes "harder", i.e. the hysteresis loops become almost rectangular and a remanence increases; -Temperature dependence of coercive field in the low temperature region resembles very much Neel-Brown law; for T c > T b and at increasing temperature the dependence H c ( √ T ) (or h c ( √ T red ) in the dimensionless units) has an inflexion point at blocking temperature and then continues to go linearly up to T c with much smaller slope; -In the system of weakly interacting particles the values of T b and H c (T ) at T < T b depend on the measuring time as it is usual for SW particles. At the same time, in the case of T c > T b the dependence H c ( √ T ) (or h c ( √ T red )) in the range T b < T < T c ceases to depend on measuring time.
-The temperature dependence of a coercive field (the Eq. (10)) is described with good accuracy by two additive contributions. The first one, which is realized only below blocking temperature, is strongly dependent on measuring time and reflects coercivity related to a metastability of the system at finite measuring time. The second one, which is almost independent from measuring time, has a temperature dependence described by Eq. (9) . This contribution reflects a change in a mean field of intergranular interaction in the process of magnetization reversal.
All above manifestations of interparticle interaction in SW particles ensemble are observed experimentally in magnetostatic (with 64 times difference in measuring times) measurements of a magnetic field and temperature dependencies of magnetization of (Co 0.25 Fe 0.66 B 0.09 ) 0.55 -(SiO 2 ) 0.45 nanogranular films with a concentration of the ferromagnetic granules close, but below a percolation threshold. Thus it is firmly established, that the results of our numerical modeling within the described approach, are in good coincidence with the experimental data.
